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Peripheral Sympathetic Autoregulation in Arterial Calf Inflow
Enhancement with Intermittent Pneumatic Compression
K. T. Delis∗, A. N. Nicolaides and J. H. N. Wolfe
Academic Vascular Surgery, St. Mary’s Hospital, Paddington, London, U.K.
Background: Peroperative mortality, graft failure and balloon angioplasty limitations mitigate against active intervention
for claudication. With the exception of exercise programmes, conservative treatments yield limited results. Intermittent
pneumatic compression of the foot (IPCfoot) used daily for over 3 months enhances significantly the walking ability and
pressure indices of stable claudicants; this is attributable to the significant calf inflow enhancement with IPCfoot; however,
the physiologic mechanisms involved are only partially understood.
Aims: by comparing the effects of IPCfoot and postural alteration on calf inflow haemodynamics, this study examines the
role of peripheral sympathetic autoregulation, which controls homeostasis in lower limb vessels when posture changes, in
the enhancement of calf inflow with IPCfoot in healthy subjects and claudicants.
Material and Methods: forty-one limbs of healthy subjects (n=34; Group I) and 48 limbs of stable claudicants (Fontaine
II) (n=42; Group II) were studied. The volume flow (Q), pulsatility index (PI), mean (mV), peak systolic (PSV) and
end diastolic (EDV) velocities were measured in the popliteal artery using duplex ultrasound in: the horizontal position,
and on sitting with or without IPCfoot.
Results: in Group II: median Q, mV, PSV and EDV increased by 61%, 53%, 29% and 51% respectively, and PI
decreased by 20% as posture changed from sitting to horizontal; with IPCfoot median Q, mV, PSV and EDV increased
by 70%, 58%, 22% and 75% respectively, and PI decreased by 26% (all p<0.001). In Group I: median Q, mV, PSV
and EDV increased by 125%, 115%, 51% and 38% respectively and PI decreased by 30% as posture changed from
sitting to horizontal; with IPCfoot median Q, mV, PSV and EDV increased by 119%, 153%, 23% and 46%, respectively,
and PI decreased by 50% (all p<0.001). The effects of IPCfoot and postural alteration (from sitting to horizontal) did not
differ haemodynamically (p>0.1) in both groups. Q on lying was similar in Groups I and II. On sitting Q was higher
in Group II [p=0.027 (95% CI 1.7, 27 ml/min)].
Conclusions: the striking similarity in the haemodynamic effects of IPCfoot and postural alteration in the popliteal artery
strongly suggests that the leg inflow enhancement with IPCfoot is mediated by a transient suspension of peripheral
sympathetic autoregulation. In addition to their role as clinical markers of PVD severity, the autoregulatory reflexes of
peripheral circulation appear to have functions with significant clinical implications in the management of patients with
leg inflow impairment.
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Introduction distances and peripheral haemodynamic status in
patients with intermittent claudication.8 The pain free
and maximal walking distances and the post-exerciseIntermittent pneumatic compression (IPC) of the lower
ankle-brachial index all increased by over 100% afterextremity is a well-documented method of deep vein
412 months of daily application of IPCfoot with the clinicalthrombosis prophylaxis and as such its application is
benefits being sustained for at least a year after treat-broadly practised today.1–3 More recently interest is
ment.8focused on the potential clinical benefits that IPC
The arterial calf inflow enhancement generated uponmay provide to patients with symptomatic peripheral
delivery of IPCfoot is associated haemodynamicallyvascular disease (PVD).4 IPC applied to the foot (IPCfoot)
with a marked increase in the end diastolic velocityhas been shown to generate a significant arterial calf
(EDV) and a significant decrease in the pulsatility indexinflow enhancement5–7 and to improve the claudication
(PI), both of which suggest a significant attenuation in
arterial resistance to flow.7 Although the involved
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Table 1. Demographics of the examined subjects in the two study the venous system of the foot, reduces the venous
groups. pressure5,9 and the subsequent increase in the
arterio-venous pressure gradient enhances the arterialNormal Arteriopaths
subjects (Group II) calf inflow. It has been suggested that the emptying of
(Group I) leg veins occurring with the delivery of each pneumatic
impulse may transiently suspend the vasoconstrictorLegs examined 41 48
effects of the pressure-dependent sympathetic auto-Subjects 34 42
Male/female ratio 1.43 1.33 regulation8 on the arteriolar and precapillary sphinc-
Age [range (median)] 38–78 (58) years 45–82 (61) years ters, until the veins refill again by forward flow.Resting ABI [IQR (median)] >1.0 0.4–0.75 (0.57)
By comparing the haemodynamic effects of IPCfootPost-exercise ABI [IQR (median)] >1.0 0.15–0.43 (0.21)
ICD [IQR (median)] – 68–190 (123) m and postural alteration on lower limb arterial blood
ACD [IQR (median)] – 139–370 (198) m flow in normal subjects and patients with intermittent
claudication, this study examines the potential role ofABI: ankle brachial index.
ICD: initial claudication distance. peripheral sympathetic autoregulation in the enhance-
ACD: absolute claudication distance. ment of calf inflow with IPC. Our hypothesis was thatIQR: interquartile range.
if IPCfoot produces peripheral arterial haemodynamic
changes similar to those caused by the alteration of
augmentation in the nitric oxide release secondary to posture, it may enhance the arterial calf inflow by
shear stress enhancement with IPC;6,7 however, the suspending the peripheral sympathetic autoregulation
latter has only been shown in vitro.10 Application of which controls homeostasis in lower limb vessels when
posture changes.IPCfoot (120–180 mmHg) in the sitting position empties
Fig. 1. Median (IQR) popliteal artery volume flow (ml/min) in the horizontal (H1) and sitting (S) positions, on application of IPCfoot and
on return to the horizontal position (H2) in 41 normal limbs (Group I) and 48 limbs of stable claudicants [PVD] (Group II).
p value Estimated Median difference 95% Confidence Interval
Group I Group II Group I Group II Group I Group II
H1 vs S < 0.001 < 0.001 55 ml/min 35 ml/min 44, 71 ml/min 29, 43 ml/min
S vs IPCfoot < 0.001 < 0.001 −56 ml/min −36 ml/min −68, −46 ml/min −43, −30 ml/min
S vs H2 < 0.001 < 0.001 −60 ml/min −38 ml/min −76, −46 ml/min −47, −30 ml/min
HI vs IPCfoot =0.613 =0.1
HI vs H2 =0.32 =0.44
IPCfoot vs H2 =0.53 =0.31
Group I vs II Point Estimate 95% Confidence Interval
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Fig. 2. Median popliteal artery flow velocity (cm/s) (median-IQR) in the horizontal (H1) and sitting (S) positions, on application of IPCfoot
and on return to the horizontal position (H2) in 41 normal limbs (Group I) and 48 limbs of stable claudicants [PVD] (Group II).
p value Estimated Median difference 95% Confidence Interval
Group I Group II Group I Group II Group I Group II
H1 vs S < 0.001 < 0.001 −4 cm/s 4.4 cm/s 3.3, 5.1 cm/s 3.7, 5.1 cm/s
S vs IPCfoot < 0.001 < 0.001 −4.6 cm/s −4.3 cm/s −5.6, −3.6 cm/s −5.1, −3.6 cm/s
S vs H2 < 0.001 < 0.001 −4.4 cm/s −4.7 cm/s −5.6, −3.5 cm/s −5.7, −3.9 cm/s
HI vs IPCfoot =0.96 =0.8
HI vs H2 =0.23 =0.06
IPCfoot vs H2 =0.64 =0.19
Group I vs II Point Estimate 95% Confidence Interval
H1 p<0.0001 −4.2 cm/s −2.5, −6 cm/s
S p<0.0001 −4.1 cm/s −2.8, −5.6 cm/s
IPCfoot p=0.0001 −4.19 cm/s −2.3, −6.2 cm/s
H2 p<0.0001 −4.2 cm/s −2.4, −6.3 cm/s
Material and Methods Exclusion criteria were: congestive cardiac failure,
leg ulcers, trauma or swelling; extensive arterio-
Study groups sclerotic popliteal artery disease or occlusion; symp-
tomatic chronic venous insufficiency (CEAP classes
The effects of IPCfoot and alteration of posture on lower 2–6);11 previous lumbar sympathectomy; diabetic neur-
opathy; collagen disease and patients on vasoactivelimb arterial haemodynamics were examined in 41
limbs of normal individuals (Group I) and 48 limbs of medication.
patients with stable intermittent claudication (Fontaine
II) (Group II). Demographic information of the subjects
included in the study is depicted in Table 1. The ankle
brachial systolic pressure index (ABI) was estimated by Examination and scanning protocol
dividing the higher ankle pressure (either the dorsalis
pedis or the posterior tibial arteries) with the higher Arterial leg inflow was determined in the popliteal
artery using CFDI (Hewlett Packard Sonos 2500) op-of the two brachial pressures, after a 15 min resting
time. The post-exercise ABI was determined within a erating with a 7.5/5.5 MHz multifrequency linear array
probe. Subjects of both Groups I and II were examinedminute of an exercise challenge in a treadmill at 4 Km/
h and 10% inclination for 1 min. firstly in the recovery (horizontal) position, with their
knees flexed, and the limb under examination up-For uniformity, only patients with superficial fem-
oral artery (SFA) occlusion or multiple (tandem) sten- permost and anterior, facing the examiner; secondly
in the sitting position; and thirdly on return to theoses with the aortoiliac segment free of severe disease,
as determined by a recent angiogram (15 legs) or recovery (horizontal) position. A resting period of
15–20 min was allowed before assessment of calf inflowcolour flow duplex imaging (CFDI) (33 legs) were
included in the study. haemodynamics. The effect of IPCfoot on the arterial
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Fig. 3. Median (IQR) popliteal artery peak systolic velocity (PSV) (cm/s) in the horizontal (H1) and sitting (S) positions, on application
of IPCfoot and on return to the horizontal position (H2) in 41 normal limbs (Group I) and 48 limbs of stable claudicants [PVD] (Group II).
p value Estimated Median difference 95% Confidence Interval
Group I Group II Group I Group II Group I Group II
H1 vs S < 0.001 < 0.001 17.7 cm/s 6.8 cm/s 15, 20 cm/s 5.2, 8.7 cm/s
HI vs IPCfoot < 0.001 =0.25 10 cm/s 8, 13.6 cm/s
S vs IPCfoot < 0.001 < 0.001 −6.7 cm/s −5.9 cm/s −8.2, −5.4 cm/s −7.5, −4.5 cm/s
S vs H2 < 0.001 < 0.001 −4.4 cm/s −7.8 cm/s −5.6, −3.5 cm/s −10, −5.7 cm/s
IPCfoot vs H2 < 0.001 =0.08 −9.4 cm/s −12.4, −6 cm/s
HI vs H2 =0.14 =0.15
Group I vs II Point Estimate 95% Confidence Interval
H1 p<0.0001 23.4 cm/s 18.7, 27.7 cm/s
S p<0.0001 12 cm/s 8.7, 15.8 cm/s
IPCfoot p<0.0001 13.6 cm/s 9.1, 18 cm/s
H2 p<0.0001 21.7 cm/s 17.2, 25.9 cm/s
leg inflow was evaluated in the sitting position, after developed software package enabling calculation of
waveform surface size, on the basis of automatic wave-resting measurements had been obtained.
The internal diameter of the popliteal artery was form outlining. All presets (B-Mode and Doppler gain,
rejection, contrast, compression) were maintainedmeasured on the B-mode using the tracker ball guided
calipers after optimal longitudinal and cross-sectional throughout the entire study. Mean volume flow (Q)
in ml/min, was obtained by multiplying the mV withviews of the vessel had been obtained. Five to six
measurements were performed and the average was the cross-sectional area. Computerised data analysis
provided by the above mentioned software enabledcalculated. The mean flow velocity (mV) was de-
termined by spectral analysis of pulsed Doppler sig- instant calculation of the peak systolic (PSV), end
diastolic velocities and pulsatility index (PI). IPCfootnals insonating the entire lumen of the artery. The
scanning method and its reproducibility in assessing was delivered using the A-V Impulse System (No-
vamedix) operating at an applied pressure level offlow haemodynamics have been described previously.7
The positioning of the scanhead in the popliteal fossa 180 mmHg, a frequency of 3 cycles/min and an inflate
time of 3 s. The powerful portable generator of thiswas such as to enable the operator to place the sample
volume (60° angle of insonation) in the popliteal artery system generates pneumatic impulses which are de-
livered to a sleeper-like inflatable foot pad via a large2 cm distal to the medial femoral condyle.
The mV is the time average of the mean velocities bore plastic tube.7
Statistical analysis of the data was performed usingof each of the velocity spectra occurring during an
interval of a minimum of 5 cardiac cycles. The mean the Wilcoxon Signed Ranks test for non-parametric
paired data. For intergroup comparisons the Mann–velocity over such an interval, and always within 5 s
of the delivery of an impulse when the effect of Whitney test was applied (Minitab). The statistical
results are supported by 95% confidence intervals (95%IPCfoot was examined, was measured using a specially
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Fig. 4. Median (IQR) popliteal artery end diastolic velocity (EDV) (cm/s) in the horizontal (H1) and sitting (S) positions, on application
of IPCfoot and on return to the horizontal position (H2) in 41 normal limbs (Group I) and 48 limbs of stable claudicants [PVD] (Group II).
p value Estimated Median difference 95% Confidence Interval
Group I Group II Group I Group II Group I Group II
H1 vs S < 0.001 < 0.001 1.3 cm/s 1.6 cm/s 1, 1.6 cm/s 1, 2.1 cm/s
HI vs IPCfoot =0.16 =0.023 −0.67 cm/s −1.2, −0.1 cm/s
S vs IPCfoot < 0.001 < 0.001 −1.5 cm/s −2.3 cm/s −2.3, −1.2 cm/s −2.9, −1.8 cm/s
S vs H2 < 0.001 < 0.001 −1.4 cm/s −1.8 cm/s −1.9, −1 cm/s −2.5, −1.3 cm/s
IPCfoot vs H2 =0.44 =0.2
HI vs H2 =0.5 =0.21
Group I vs II Point Estimate 95% Confidence Interval




CI) of the estimated median difference (EMD) and the in Group I (median 125% and 119% respectively)
point estimates (PE). The Bonferroni correction was than in Group II (median 61% and 70% respectively).
applied when required. Data are provided as median Flow in the horizontal position was not significantly
and interquartile range (IQR), unless otherwise stated. different from that with IPCfoot in both groups.
MV changes with postural alteration and IPCfoot are
shown in Figure 2. The results are on a par with the
those reported for Q. The mV was significantly higherResults
in Group II in both horizontal positions and when
IPCfoot was applied (p<0.001).The effects of IPCfoot and of postural alteration on
The effect of posture and IPCfoot on the PSV of thepopliteal artery volume flow in Groups I and II are
study groups is shown in Figure 3. The impact of thedepicted in Figure 1. Flow, with IPCfoot and postural
two stimuli (postural change and IPCfoot) on the sittingalteration (from sitting to horizontal), increased sig-
PSV was significant (p<0.001) in both groups. In allnificantly in both groups (p<0.001). Flow decreased
positions and with IPCfoot PSV in Group I was sig-significantly in both groups (p<0.001) as subjects
nificantly higher than in Group II (p<0.0001). In bothmoved from the horizontal to the sitting position.
groups the EDV increased (p<0.01) with IPCfoot and onThere was no significant difference in the level of Q
return to the horizontal position (Fig. 4). The EDVin the horizontal position between the two groups.
with IPCfoot was significantly higher in Group I thanHowever, in the sitting position, Q was significantly
in Group II (p=0.037). In both groups, the PI (sitting)higher in Group II [p=0.027 (95% CI 1.7, 27 ml/min)].
decreased significantly on application of IPCfoot andThe percentage changes in Q on moving from sitting
to horizontal and on application of IPCfoot were higher again on resumption of the horizontal position
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Fig. 5. Median (IQR) popliteal artery Pulsatility Index in the horizontal (H1) and sitting (S) positions, on application of IPCfoot and on
return to the horizontal position (H2) in 41 normal limbs (Group I) and 48 limbs of stable claudicants [PVD] (Group II).
p value Estimated Median difference 95% Confidence Interval
Group I Group II Group I Group II Group I Group II
H1 vs S < 0.001 < 0.001 −2.6 −0.46 −3.6, −1.9 −0.7, −0.3
HI vs IPCfoot < 0.001 =0.008 1.4 0.15 0.97, 1.9 0.035, 0.25
S vs IPCfoot < 0.001 < 0.001 4.2 0.58 3.6, 5 0.4, 0.87
S vs H2 < 0.001 < 0.001 3 0.49 2.2, 4 0.28, 0.8
IPCfoot vs H2 < 0.001 =0.12 −1.1 −1.5, −0.65
HI vs H2 =0.4 =0.5
Group I vs II Point Estimate 95% Confidence Interval
H1 p<0.0001 4.4 3.6, 5.4
S p<0.0001 6.9 5.9, 7.8
IPCfoot p<0.0001 2.8 2.2, 3.7
H2 p<0.0001 4.1 3.4, 4.7
(p<0.001) (Fig. 5). The PI in Group I was significantly the PI decreased by 20% as posture changed from
sitting to horizontal. Similarly, on application of IPCfoothigher than in Group II in all investigated positions
and with IPCfoot (p<0.001). The changes in the PI were in the same study group the median Q, mV, PSV and
EDV increased by 70%, 58%, 23% and 75%, re-far greater in Group II than Group I, particularly when
IPCfoot was applied. spectively, and the PI decreased by 26%. The striking
similarity in the range, distribution and degree ofThere was no significant change in the popliteal
artery diameter in both groups either on postural haemodynamic changes caused by postural alteration
and IPCfoot, considering that the latter represents thealteration or application of IPCfoot. The popliteal artery
diameter was significantly bigger in Group I initial 5 s after the delivery of a foot impulse, indicates
an analogy in the involved mechanisms. This as-(p<0.0001).
sumption becomes even stronger in view of the haemo-
dynamic similarities encountered also in the group of
normal subjects, when the effects of the two different
Discussion haemodynamic stimuli were compared.
The decrease of flow on dependency both in normals
This study demonstrates that IPCfoot causes haemo- and claudicants is called venoarteriolar response [VAR]
dynamic changes in the arterial calf inflow similar to and is attributed to the function of peripheral sym-
those produced by postural alteration (from sitting to pathetic autoregulation.12–17 The VAR is regulated by
horizontal), both in health and PVD. The median Q, a sympathetic axon reflex, which is mediated by thin
mV, PSV and EDV in the popliteal artery of claudicants C-fibres.14,15 Due to this reflex, elevation of the lower
limb venous pressure as subjects move from theincreased by 61%, 53%, 29% and 51% respectively and
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horizontal to sitting position, causes the arteriolar on application of IPCfoot. On delivery of a pneumatic
impulse to the foot the following sequence of physio-and precapillary sphincters to contract, increasing
peripheral resistance to flow and decreasing arterial logical changes is suggested by the findings of this
study: as the blood volume in the plantar venouscalf inflow.12,13 Its presence is essential because it acts
as a regulator of homeostasis and a mechanism of plexus is expelled to the calf, the venous pressure
decreases below the threshold which is necessary tooedema prevention. The excessive rise in capillary
hydrostatic pressure in the dependent position is pre- elicit the pressure-dependent VAR (pVAR=40 mmHg
in normals).27 This transiently suspends the VAR andvented and consequently capillary filtration is sig-
nificantly reduced.13 Impairment in the VAR has been peripheral vaso-constriction attenuates with sub-
sequent increase in popliteal artery flow, which reachesdocumented in patients with postphlebitic limbs and
venous hypertension,18 critical limb ischaemia,15 the the levels encountered on recumbency. With elapsing
time from the delivery of a foot impulse, the venouspremenstrual syndrome, diabetics with peripheral
neuropathy,19 the elderly,20 and subjects on nifedipine.21 pressure builds up again and on recovery of the critical
pressure threshold (pVAR) the VAR is re-elicited, in-The results of this study on the effect of IPCfoot on
the arterial leg inflow are in agreement with those by creasing peripheral resistance and decreasing volume
flow. Venous pressure will continue to rise until theMorgan et al.6 and Eze et al.22 who reported an increase
of 54–93% in normal subjects and of 13–84% in ar- vessels are thoroughly primed (60 mmHg ap-
proximately).9 Flow remains higher than at rest duringteriopaths, using duplex ultrasonography. The dis-
crepancy in the magnitude of flow enhancement with this interim period, despite elicitation of the VAR,
because the arterio-venous pressure gradient is stillIPCfoot between the findings of these studies could be
attributable to differences in the applied level, rate higher than baseline.
The discrepancy in the resting arterial calf inflowand type of pneumatic compression, which have all
been found to play a key role in determining the between the two study groups in the sitting position
(no difference on recumbency), which has been re-arterio-venous pressure gradient,5,9,23 in addition to the
inflation rising time of IPC and the composition and ported previously,17 is probably due to impairment of
the autonomic system and the VAR in the diseasedvolume of investigated samples.
Apart from the transient increase of the arterio- group.28,29 This is further supported by the discrepancy
in the PI between normal individuals and arteriopaths.venous pressure gradient, the calf inflow augmentation
observed on application of IPCfoot is also ascribed to Arterial resistance to flow appears to be significantly
lower in the latter, irrespective of posture, suggestingthe release of endothelium derived relaxing factors
[nitric oxide (NO)] secondary to increase in shear stress a consistent arterial vasodilatation even at resting con-
ditions. The discrepancy between healthy and diseasedin the intimal luminal interface of the vessels.6,10,24
Although the release of NO on application of IPC has subjects in the magnitude of flow velocity en-
hancement secondary to the orthostatic phenomenonnot been proven in vivo, the hypothesis is founded on
the proven increased release of nitric oxide,25,26 as shear or the exertion of IPCfoot could also be ascribed to
the vasomotor dysfunction described. The relativelystress on the endothelial cells increases. In an in-vitro
cell culture model simulating conditions of blood flow dilated arterioles in PVD can only afford a smaller
dynamic range of dilatation than the healthy vessels,and vessel collapse during IPC, Dai et al.10 reported a
significant upregulation of nitric oxide synthase ex- and thus a lesser degree of resistance attenuation. This
translates into a smaller percentage of flow aug-pression in endothelial cells using northern blot ana-
lysis of messenger RNA. mentation as either stimulus is exerted.
The hypothesis of this study on the role of the VARThe close similarities of the effects of alteration of
posture and pneumatic compression on arterial calf is corroborated by the fact that the arterio-venous
pressure gradient, at least under non-pulsatileinflow haemodynamics suggest that the involved
mechanisms underlying flow augmentation operate conditions (Poiseuille’s law) and on the basis of the
venous pressure changes imposed by the IPCfootthrough an almost equivalent decrease in peripheral
resistance to flow. When considering the changes that (30–40 mmHg), would not theoretically be expected to
result in a calf inflow increase of more than 50–60%.30occur with the EDV and PI, both of which reflect the
level of peripheral resistance as modulated by the tone This level is at least half of that seen for the normal
group either on application of IPCfoot or on posturalof arteriolar and precapillary sphincters, the striking
analogy between the two physical stimuli strongly alteration. The release of substances by the endo-
thelium in response to shear stress, such as NO andsuggests that the transient suspension of the VAR may
by itself be the main mechanism of flow augmentation prostacyclin, cannot be excluded. However, they
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should rather be accounted for in explaining the three- clinical markers of PVD severity15,27,36 the reflexes of
peripheral circulatory autoregulation appear to haveor four-fold enhancement of the arterial calf inflow
functions with significant clinical implications in thewhen extensive modes of intermittent pneumatic com-
management of patients with leg ischaemia.pression are applied such as those to the calf or the
foot and calf simultaneously.22,31
The role of central neural control systems in pre-
venting postural hypotension is well documented.32,33
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